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验设 9 个处理，Cd 最终浓度为 0、0.5 、5.0 mg L -1三个水平；Si 最终浓度为 0、
70、100 mg L-1三个水平，采用完全随机设计。本研究主要结论如下： 
1. 营养液中不添加 Si 处理下，秋茄幼苗根、茎、叶生物量及总生物量随着
Cd 浓度的增加而降低。同一 Cd 处理水平下，加硅处理组与不加硅处理组相比，
秋茄幼苗根、茎、叶生物量及总生物量都有不同程度的提高。表明 Si 可促进秋
茄幼苗各器官干物质量的积累，可减轻 Cd 对秋茄幼苗生长的抑制。 
2. 秋茄叶片叶绿素 a、叶绿素 b、叶绿素总量和叶绿素 a/b 比值均随着 Cd
浓度的增加而降低。同一 Cd 处理水平下，加 Si 均增加了秋茄幼苗叶片叶绿素 a、
叶绿素 b、叶绿素总量和叶绿素 a/b 比值，且高浓度 Si（100 mg L-1）处理的效果
比低浓度 Si（70 mg L-1）处理明显。说明施加 Si 可以减轻 Cd 污染胁迫对秋茄幼
苗叶片叶绿素含量的抑制作用，改善叶绿素 a/b 比值。 
3. 营养液中不添加 Si 处理下，秋茄幼苗叶片中的可溶性糖含量均随着 Cd 
施加浓度的增加而增加。同一 Cd 处理水平下，Si 处理与非 Si 处理比较，秋茄幼
苗叶片可溶性糖有所增加；且随着 Si 浓度的增加而略有上升。 
4. 营养液不加 Si 处理时，秋茄幼苗叶片 MDA（丙二醛）含量随着 Cd 浓度
的提高而增加。同一 Cd 处理水平下，加 Si 处理后，叶片 MDA 含量随着 Si 浓
度增加而有所降低。表明 Cd 胁迫加剧了秋茄叶片膜脂过氧化作用，加 Si 处理显
















5. 随着 Cd 胁迫浓度的升高，秋茄幼苗根系活力呈下降的趋势。在同一浓度
Cd 胁迫下，加 Si 处理后，秋茄幼苗根系活力随着 Si 浓度增加而逐渐提高。说明
一定浓度的 Si 可以提高秋茄的根系活力，增强秋茄抗 Cd 毒害的能力，改善秋茄
幼苗的生长状况，从而提高秋茄幼苗的生物量。 
6. 一定浓度的 Si 抑制秋茄幼苗对重金属的吸收累积，提高了秋茄幼苗对重
金属 Cd 的耐性。秋茄幼苗各器官 Cd 积累量随处理 Cd 浓度的增加而增加，各器
官 Cd 的积累浓度为：根>茎>叶。同一 Cd 处理水平下，加 Si 处理不同程度上降
低了秋茄幼苗各器官 Cd 积累量，且随着 Si 浓度的升高幼苗各器官 Cd 吸收积累
量逐渐降低；各器官 Cd 的积累浓度为：根>茎>叶，与不加 Si 处理组结果一致。 
7. 在各个 Cd 处理水平下，秋茄幼苗各器官 Si 积累量随处理 Si 浓度的增加
而增加，各器官 Si 的积累浓度为：根>叶>茎，其中根 Si 含量占总量的百分比达
52.2%~62.6%。同一 Si 处理水平下，Cd 处理降低了秋茄幼苗各器官中 Si 的含量，
且随着 Cd 浓度提高秋茄幼苗各器官中 Si 的含量逐渐降低。以上结果表明，根系
是秋茄富集 Si 的主要器官，加 Si 显著增加了秋茄幼苗各器官 Si 累积量，Cd 一
定程度上抑制秋茄幼苗对 Si 的吸收累积。 
8. 同一 Cd 处理水平下，加 Si 处理后，秋茄幼苗根尖质外体汁液和共质体
组分中 Cd 含量有所降低，且随着 Si 浓度的提高而逐渐降低。同一 Cd 处理水平
下，随着 Si 浓度的增加，秋茄幼苗根尖细胞壁 BaCl2 提取态 Cd 含量逐渐降低，
而 Na3citrate 提取态和 HCl 提取态 Cd 含量逐渐增加。重金属 Cd 主要分布在质外
体内（>79.64%），且大部分结合在细胞壁上（>77.44%），加 Si 处理后，使 Cd
更多地结合在细胞壁上（>86.38%），增加了 Cd 在质外体的分布比例（>87.08%），




















The tolerance of mangrove to high concentrations of heavy metals has been great 
concerned in recent years. However, the tolerance mechanisms of mangroves to heavy 
metals and impact factors of detoxic process are still not comprehensively revealed. 
Silicon (Si) is the second abundant element in soils and is beneficial for the healthy 
growth and development of many plant species. It has been well documented that Si 
can enhance tolerance of some plant species to heavy metals. However, the role of Si 
in cadmium (Cd) tolerance of mangrove plants and their involved mechanisms have 
not yet been reported. We assume that mangroves tolerance to heavy metals stress 
may be in relation to relative high concentrations of silicon both in mangrove forest 
sediments and mangrove tissues. To investigate the relationships between Silicon and 
metal tolerance, thus to provide theoretical basis for the understanding of the 
tolerance mechanisms of mangroves to heavy metals and detoxic process in the 
mangrove ecosystem. There were 9 treaments arranged factorially in a randomized 
complete block design (Cd concentrations: 0, 0.5, 5 mg L-1; Si concentrations: 0, 70, 
100 mg L-1) . 
Major conclusions were summarized as follows:  
1. Without Si treatment, the total biomass and the biomass of roots, stems and 
leaves of K. obovata seedlings decreased with increasing Cd concentrations in the 
nutrient solution. Within the same Cd level, the addition of Si resulted in increase in 
the total biomass and the biomass of roots, stems and leaves compared to non-Si 
treatments. The data indicated that Si supplied can promote the accumulation of dry 
weight in different parts of K. obovata and improve the growth inhibition induced by 
the toxicity of Cd. 
2. Chlorophyll a, chlorophyll b, total chlorophyll concentrations and the ratios of 
Chl a/Chlb decreased with increasing Cd concentrations, and addition of Si increased 















significant increase compared to the lower Si concentration(70 mg L-1) treaments. The 
results showed that Si supply can improve the chlorophyll contents inhibition induced 
by the toxicity of Cd and the ratios of Chl a/Chlb. 
3. Soluble suger contents in leaves of K. obovata seedlings increased with 
increasing Cd concentrations were found in treatments without Si supply. In contrast 
to that of non-Si-treated plants, soluble suger contents increased in leaves of 
Si-treated plants with increasing Si concentrations.  
4. Malondialdehyde (MDA) contents in leaves of K. obovata seedlings increased 
with increasing Cd concentrations when without Si treatment in the nutrient solution. 
Increasing Si concentration in the nutrient solution significantly (P<0.05) reduced 
MDA contents in leaves within the same Cd level. Therefore, Cd induced 
enhancement of the lipid peroxidation as indicated by the elevated levels of MDA . 
Interestingly, addition of Si alleviated the lipid peroxidation as indicated by the 
decreased MDA concentrations. 
5. Root 2,3,5-Triphenyltetrazolium chloride (TTC) reduction activity of K. 
obovata seedlings decreased with increasing Cd concentrations in the nutrient solution. 
Increasing Si concentration in the nutrient solution significantly enhanced root TTC 
reduction activity of K. obovata seedlings within the same Cd level, indicating Si 
supplied can enhance Cd tolerance of K. obovata seedlings and improve the growth, 
and the biomass of K. obovata seedlings was improved.  
6. With or without Si supply, the accumulation concentrations of Cd in different 
parts of K. obovata seedlings can be ranked as follows: root > stem > leaf. Cd 
concentrations in different parts of K. obovata seedlings increased with increasing Cd 
concentrations. Addition of Si reduced Cd concentrations in different parts of K. 
obovata seedlings, and the accumulation concentrations of Cd in different parts 
decreased with increasing Si concentrations. It indicated that Si inhibited Cd-uptake in 
K. obovata seedlings and enhanced the tolerance of K. obovata seedlings to heavy 
metal Cd. 
7. Within the same Cd concentration treatments, the accumulation concentrations 















concentrations, Which can be ranked as follows: root > leaf > stem. About 
52.2%~62.6% of the total Si accumulated in the roots of K. obovata seedlings, there 
was equal or slightly more Si in the roots than shoots. This showed that Si induced 
enhancement of Si concentrations in different parts of K. obovata seedlings and Cd 
induced inhibition of Si-uptake in K. obovata seedlings. 
8. Cd concentrations in the apoplastic saps and symplastic fractions of the root 
tips of K. obovata seedlings decreased with increasing Si concentrations. Increasing 
Si concentrations reduced the concentrations of BaCl2-extractable cell wall Cd in root 
tips, but increased the concentrations of Na3citrate-extractable cell wall Cd and 
HCl-extractable cell wall Cd in root tips. The total root-tip concents of Cd mainly 
distributed in the apoplast and the most of Cd in the apoplast was bound to cell wall. 
After Si supply, more Cd was found to bind in the cell wall. Meanwhile, our date 
showed the ratio of apoplast Cd increased with increasing Si supply. However, the 
ratio of Cd in the symplast was found to be reduced. This suggested that Si enhanced 
adsorption of Cd on the cell walls and restricted the apoplastic transport of Cd, thus 
changed the distribution ratio of Cd compartmentation and alleviated Cd toxicity to 
cytoplasm. 
 






































能忍受较高浓度的重金属胁迫。Walsh 等 1979 年采用人工模拟室内土培研究多
种重金属对大红树（Rhizophora mangle）幼苗生长的影响，发现大红树对重金属
















和白海榄雌（Avicennia alba）幼苗能忍受高达 500 mg L-1 的 Pb 和 Zn。陈荣华和
林鹏（1989）[21]研究发现 1 ppm Hg 对秋茄（Kandelia obovata）、桐花树（Aegiceras 
corniculatum）和白骨壤（Avicennia marina）这三种红树种苗的生长没有表现毒
害作用，10 ppm Hg 仅影响了桐花树和秋茄的萌芽时间；说明红树种苗的萌芽生
长对 Hg 具有较高的抗性。郑逢中等（1992）[22]研究表明秋茄幼苗能在 Cd 浓度




















































1.2 Si 对植物的有益作用  
Si 是地壳中最丰富的元素之一，其含量仅次于氧，普遍存在于各种植物中，
植物中的 Si 含量与 K、Ca 及其他主要营养元素相当，比 P 高出一个数量级。虽
然 Si 还没有被列为高等植物的必需营养元素，但是 Si 是高等植物体内重要的无
机组成成份之一，就其对植物体具有某些特殊功能而言，被公认为植物体的有益
元素[37-40]。近 30 年来，Si 作为植物生长的有益营养元素之一，愈来愈受到学术
界的重视。大量研究表明，Si 对植物的生长发育有益[38, 40-43]，而这种有益作用很
大程度体现在 Si 可以提高植物抵抗生物（病虫害）和非生物（重金属和盐毒害）
胁迫的能力[37, 38, 43-45]（图 1.1）。 
1.2.1 Si 提高植物抵抗生物胁迫（病虫害） 
目前国内外现研究和应用最多的是 Si 与植物病害之间的关系，如白粉病、
猝倒病、枯萎病、灰霉病和锈病等[46, 47]。Wagner（1940）[48]首次报道 Si 和黄瓜
白粉病之间的相互作用，施用 Si 肥可延长黄瓜感病的潜伏期，减少白粉病的感
















图 1.1 Si 对植物有益作用体现在提高植物抵抗生物和非生物胁迫[45] 
Fig. 1.1 Beneficial effects of silicon on plant growth in relation to biotic and abiotic 
stresses. 





等（1992）[51]用叶面喷施硅酸钾和营养液中加 Si 两种方法研究表明施 Si 还可以
减轻甜瓜、西葫芦的白粉病害，而且叶面喷施后的持效期长达 168h。在 Si 抵御
黄瓜猝倒病方面，cherif 等[52-55]于 1992-1994 作了大量的研究，研究表明，生长
于含 Si 营养液中的黄瓜幼苗，终极腐霉菌（Pythium ultimum）所致的烂根、死
株率和产量损失都大大降低，并进一步表明，含 100 mg kg-1 硅酸钾的营养液还
可减轻由瓜果腐霉菌（Pythium aphanidermatum）引起的黄瓜猝倒病，在未被猝
Si 
                                       
            例如：瘟病、白粉病    
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